Introduction
[2] Transient luminous events (TLEs) is the generic term adopted by researchers to refer to sprites, ELVEs, halos, sprite halos, blue jets, gigantic jets, and other transient upper atmospheric optical phenomena associated with lightning. They were serendipitously discovered in 1989 when sprites were documented for the first time [Franz et al., 1990] . These observations turned out to be only one of a large class of phenomena and were initially thought to be cloud-toionosphere or cloud-to-stratosphere lightning discharges. However, to avoid ascribing physical properties to the events before they were actually known, Sentman et al. [1995] suggested using an attribute-free name for the events and proposed the neutral term sprite (Figure 1) .
[3] Sprites are short-lived (a few ms to ∼100s of ms) with optical emissions predominantly in the red N 2 1 PG bands [Hampton at al., 1996] . Initial brightness estimates indicated that they were of low luminosity (∼100 kR to ∼10 MR) on the basis of video observations, but more recent observations using high-speed (10,000 frames per second) cameras showed that the brightness of the streamer heads in the sprites can exceed 1 GR [Stenbaek-Nielsen et al., 2000] . They span vertical altitudes of ∼30 km to ∼100 km and typically have lateral dimensions of a few tens of meters to ∼40 km [Gerken et al., 2000; Stenbaek-Nielsen et al., 2000] . Sprites are associated with cloud-to-ground (CG) lightning discharges, primarily of positive polarity [Boccipio et al., 1995; Lyons, 1996; . Currently, the most accepted mechanism for their production is electron impact ionization and excitation, in which ambient electrons in the mesosphere gain enough energy from the transient quasielectrostatic field from an underlying lightning discharge to ionize the air, creating breakdown, and produce air fluorescence primarily from N 2 [Pasko et al., 1997; São Sabbas, 2003 ]. Recent models focus on the description of the mesospheric plasma streamers that compose the sprites and are expected to develop at the locations where breakdown occurs [Pasko et al., 1998; Raizer et al., 1998; Liu and Pasko, 2004; Luque and Ebert, 2009] .
[4] Sprites can be preceded (or accompanied) by halos, which are horizontal disk-shaped transient optical emissions. Triangulation measurements by Wescott et al. [2001] determined that halos occur centered at an average altitude of ∼78 km and exhibit a Gaussian 1/e thickness of ∼4 km and 1/e diameter of ∼66 km, whereas photometric studies using a single site measurement yielded an estimated center altitude of ∼87 km [Miyasato et al., 2002] . Halos, which have a similar initiation mechanism to sprites and appear red in color, can also occur as isolated events. Before halos were identified as a unique type of TLE [Wescott et al., 2001; Barrington-Leigh et al., 2001] , they were often (incorrectly) interpreted as ELVEs in image data. ELVEs, however, are characterized by rapid lateral expansion of ringlike emissions that occur at higher altitudes at the base of the nighttime ionosphere (∼100 km altitude) and are produced by the electromagnetic pulse from cloud-to-ground discharges of either polarity Chen et al., 2008] . Despite their similarity in shape, ELVEs are usually much more horizontally extended than halos and can reach a few hundred kilometers in diameter. Their optical lifetimes are on the order of a few microseconds. The apparent luminosity of ELVEs is significantly fainter than sprites when recorded using video cameras, but their instantaneous luminosity is much greater.
[5] Sprites are predominantly associated with mesoscale convective systems (MCSs) where vigorous convection leads to large-scale charge separation and strong lightning activity. Lyons et al. [2006] performed a climatological study of TLEproducing systems over the central United States and found that MCSs are the most prolific TLE producers in that region, Figure 1 . Sequence of multiple sprite events ∼800 km away from INPE Southern Space Observatory (SSO), Brazil, on the night of 22-23 February 2006, above a MCS over Argentina. The first sprite group occurred at 0555:16.380 UT, the second was183 ms later, and the third group occurred 184 ms afterward.
supporting results of previous investigations [Lyons, 1996; . Over Europe, sprites are also often observed above MCS [Soula et al., 2009] . MCSs are considered to be the largest of the convective thunderstorms and are broadly defined as a cloud system formed by cumulonimbus having a contiguous precipitation area with a lateral extent >100 km in at least one direction. They are associated with mesoscale circulation induced by the large collection of convective and stratiform clouds forming them, as well as precipitation [Houze, 2004] . Adapting Orlanski's [1975] classification criteria of mesoscale into three categories according to size and duration of the weather systems, Maddox [1980] defined the meso-a, which is the largest, as scale lengths of 250-2,500 km and durations >6 h, including MCS in this class.
[6] São Sabbas and studied the infrared (IR) cloud top temperature (T c ) characteristics and temporalspatial development of one sprite-producing MCS over the central United States that produced 84 sprites. They noted that the sprite activity peaked when total −CG rate was maximum. This situation occurred in regions where the cloud tops had temperatures between −72°C and −69°C, indicating overall strong convection in the core regions of the storm (defined by a cloud shield temperature less than or equal to −52°C). Even though sprites are mostly generated by +CGs [Boccipio et al., 1995] , São Sabbas and showed that the overall sprite activity (individual or multiple events) roughly scales according to the thunderstorm overall −CG activity and its convective development in a manner that is presently unknown in details. The parent +CGs responsible for the sprites occurred in regions 2-3°C warmer than the majority of the +CG population, with temperatures between −65°C and −63°C, in the stratiform region.
[7] The climatological study of Lyons et al. [2006] involved characteristics of 46 storm systems that produced more than 2000 TLEs. The data were analyzed on the basis of multiple parameters: the number of TLEs versus the total area (T c < −30°C), TLE location versus reflectivity, thunderstorm overall reflectivity, total continuous precipitation region, TLE parent peak current, sprite time delays, and several other parameters. Most TLEs occurred above regions with T c ∼ −65°C in agreement with the São Sabbas and case study, which seems to have been a typical central United States MCS. The convective cores of the systems analyzed by Lyons at al. [2006] had cloud top temperatures ranging from −70°C to −75°C, with the warmest one having T c of −55°C. They also found that the TLE-generating +CGs were more likely to occur in the trailing stratiform region of the MCS with reflectivity <20-45 dBZ, a minimum 10 dBZ MCS radar echo of 20,000 km 2 , and convective cores with reflectivity >55 dBZ and cloud top T c < −55°C.
[8] Soula et al. [2009] studied the characteristics of 2 MCS that produced 27 sprites each. The system dimensions were smaller than the U.S. MCS. The coldest cloud tops reached ∼ −65°C and sprites occurred above regions with T c between −55°C and −50°C. These temperatures were ∼10°C warmer than the majority of the U.S. systems, which is consistent with smaller MCS. Differently from the São Sabbas and case study, the peak sprite production occurred after a maximum in the total CG activity, when the CG rate was low with 50% of the discharges being of positive polarity. [Thomas et al., 2007] . The observations of the night of 22-23 February 2006 (hereafter referred to as February) form the basis of the present study, in which we undertake a detailed meteorological analysis of the MCS that, while producing large numbers of TLEs, differed significantly from the TLE-producing systems previously studied. The central scientific question addressed in this paper is, Which factors made this MCS such an efficient charge generator throughout its lifetime to consequently have such prolific TLE production?
[10] In this report, we provide a short description of the ground-based optical observation setup and results. We then analyze some characteristics of the TLE-producing storm on the basis of IR satellite imagery and Tropical Rainfall Measuring Mission (TRMM) data, and describe the synoptic meteorological conditions that led to the formation of the convective system. Our analysis is based on the methodology developed by São Sabbas and to investigate the temporal-spatial evolution of the cloud top temperatures and their relationship with the location and occurrence rate of CG lightning and TLE locations. As part of the investigation of other geophysical factors that could contribute to the prolific TLE production observed, we document a possible connection between the electrification of MCSs and smoke that was advected into the storm region from ∼200 large fires occurring at the time all over Paraguay and northern Argentina.
[11] The present paper extends the work of São Sabbas and , with the goal of developing a robust methodology for forecasting sprite/TLE occurrence anywhere on the globe using only data collected from spacebased platforms, such as satellites. Currently, TLE forecasts, necessary to perform ground-based and airborne observations during scientific campaigns, are highly dependent on lightning data from ground-based detection networks and weather data from satellites and ground-based instrumentation, such as meteorological radar and balloon soundings. These data sets are extremely useful, and their examination has allowed for many successful campaigns in different locations; however, ground-based lightning detection networks, meteorological radar, and a dense network of balloon sounding stations are not available everywhere in the globe. To accomplish this goal, we compare our results with the São Sabbas and case study and the Lyons et al. [2006] climatological study of the central United States TLE-producing MCSs, owing to the similar prevailing synoptic meteorological conditions between central United States and central Argentina. The similarities and differences among the TLE-producing MCS are indentified and reported.
[12] In section 2, the TLE observations and supporting data are presented. In section 3, the prevailing meteorological features of the region and the specific storm conditions at the time of the observations are described. The comparison of TLE observations and MCS parameters is made in section 4, and a possible connection with smoke advecting into the storm region from forest fires in Paraguay and northern Argentina is discussed in section 5. The results of this study are summarized in section 6. [14] A total of four cameras from Utah State University -USU, two Gen III intensified Xybion ISG780 and two Watec WAT-120 N cameras, as well as one camera from the Brazilian National Institute for Space Research, Instituto Nacional de Pesquisas Espaciais -INPE, a Photonic Science CoolView EM 1000, were installed at the SSO to perform ground observations of TLEs. The cameras were fitted with lenses that provided fields of view between 15.1°× 11.1°a nd 48.2°× 34.1°(horizontal × vertical) and were positioned to have overlapping fields of view covering an average horizontal total azimuth of ∼75°during the observations to maximize the thunderstorm area covered.
Observations and Supporting Data
[15] An outstanding characteristic of the Argentine Pampas thunderstorm was its prolific TLE production. On the night of 22-23 February 2006, we recorded a total of 444 TLEs, of which 383 were sprites, with the two USU Xybion cameras that covered an average azimuth of ∼50°-23°. Owing to the large extent of the storm and its distance from the observation site (from 400 to >1000 km), as well as technical difficulties that allowed the retrieving of only the data from the two USU Xybion cameras, these 444 events may be considered a lower limit of the total TLE production of this system. With a rate of 1.3 recorded events per minute during ∼6.2 hours of observation, it is thought to be one of the largest TLE productions ever documented in the history of TLE ground-based observations [Thomas et al., 2007] . In the climatological study involving more than 46 TLE-producing convective systems, of which 44 were MCS, Lyons et al. [2006] estimated that the average TLE production by MCS is 70 events during an average period of 2.3 hours.
[16] The storm initiated its development >1000 km toward the southwest of the optical site and moved northeastward throughout the night, in heading toward the SSO. Since the SSO horizon was slightly below 0°elevation in the direction of the storm and the sky was extremely clear throughout the night, it was possible to see TLEs at great distances; all the events observed occurred at ranges between ∼1100 and ∼480 km. Figure 2 shows the elevation of sprite top and bottom and 10-15 km cloud elevations as a function of distance. Unfortunately, the MCS remained out of the range of the stratospheric balloons that were equipped to collect in situ electromagnetic field data; consequently, no balloon measurements were performed. Sprites were observed as soon as the cameras were turned on (0234 UT), and they were only turned off when predawn sky brightness became too great to continue observations. Astronomical twilight, when the sun is <18°below the horizon and the sky ceases to be totally dark, started at 0759 UT. In spite of this, since we were looking toward the west, we still recorded 29 sprites and halos between 0759 UT and 0840 UT; local sunrise was at 0922 UT. The total number of events recorded comprised 263 sprites, 62 halos, and 120 sprite-halos (i.e., sprites embedded in a halo). Sprites formed ∼86% of the total, considering the ones accompanied by halos, and were the dominant type. Figure 1 shows a sequence of monochromatic images of spectacular multiple events ∼800 km away from the recording site. Further details about the campaign setup and operations were described by Thomas et al. [2007] and Taylor et al. [2008] .
Meteorological Data
[17] NCEP analysis Global Data Assimilation System (GDAS) data with spatial resolution ∼38 km and 64 vertical levels, as well as balloon soundings in the thunderstorm formation region, were used to diagnose the synoptic and local atmospheric conditions, respectively, that led to the formation of the Argentine thunderstorm (e.g., Figure 3 ). TRMM satellite data were used to help understand the convective characteristics of the TLE-producing MCS. The TRMM satellite is in a ∼400 km altitude, 35°inclination nonsun-synchronous orbit and had three obits of interest over the Pampas region during the lifetime of the system: the first time Figure 2 . Elevation of different parts of sprites and cloud top altitudes as a function of distance. Since the horizon of the observation site was slightly below 0°elevation in the direction of the storm and the sky was extremely clear throughout the night, it was possible to see TLEs at great distances.
on 22 February 2006 around 19 UT and then around 13 UT and 14 UT of the following day. We analyzed the data obtained by the precipitation radar (PR), the passive microwave imager (TMI), Visible and Infrared Scanner (VIRS), and the Lightning Imaging Sensor (LIS), and compared them with some of the results found by Zipser et al. [2006] .
[18] The PR was the first meteorological radar aboard a spacecraft. It is a nadir looking active phased array system with 128 elements operating at 13.8 GHz, with vertical and horizontal resolution of 250 m and 4.3 km, respectively. The TMI is a 49°"nadir" looking nine-channel passive microwave radiometer based on the Special Sensor Microwave/ Imager (SSM/I), with the addition of a pair of 10.7 GHz channels with horizontal and vertical polarizations and a water vapor channel from 22.235 to 21.3 GHz. For this work, we used the 85.5 GHz channel, which has an effective footprint ellipse of 9.1 × 4.6 km and is a good indicator of precipitating ice column integrated density and/or mass, which are related to updraft strength [Zipser et al., 2006] . The VIRS is a five-channel imaging spectroradiometer with bands in the wavelength range 0.6-12 mm [Kummerow et al., 1998 ].
Satellite Cloud Top Temperatures
[19] To investigate the relationship between the Argentine system cloud top temperature and the occurrence of CGs and TLEs during the 22 February 2006 0000 UT and 23 February 2006 2400 UT period, we compared the TLE locations with the regions corresponding to the pixels of the GOES 12 satellite 10-12 mm IR images of South America, taken at 30 min intervals. The accuracy of the temperature derived from the pixel values is 0.4 K, and the pixel resolution corresponded to approximately 4 km at the equator. These data were provided by the Brazilian Center for Weather Forecast and Climate Studies, CPTEC/INPE. The satellite is normally scheduled to scan South America every 30 min; however, during the study period, there were several gaps in the measurements, the longest one lasting 1.5 hours, from 0430 UT to 0600 UT, during the peak of TLE activity on 23 February 2006. The satellite images represent the IR temperature measured above South America and cover a region extending approximately from 27.5°to −47.8°latitude and −26.7°to −106.1°longitude. CPTEC provided processed data, i.e., the count values were already converted into temperature by SeaSpace Corporation automated software (SeaSpace is a provider of satellite ground stations and processing software). The parallax error is negligible because of the position of the geostationary satellite, approximately above the equator and at a longitude of 75°W; therefore, no parallax correction was applied. To minimize the error due to the MCS displacement and feature development, and to compare the results with the U.S. MCS studied by São Sabbas and , we considered only sprites and lightning that had occurred up to 15 min before and after each satellite image.
Determination of the Sprite Locations
[20] The coordinates of the TLEs were estimated from the ground-based image data. Each picture was calibrated using the star field background to determine its azimuth, elevation, and horizontal and vertical fields of view. Then the latitude and longitude of the TLE events were processed, assuming that the altitude of the top of the sprites is, on average, 88 km [Sentman et al., 1995] . The resulting error is primarily due to the difference between the assumed and the real altitude of the selected sprite top, which includes the uncertainty due to the selection of the pixel corresponding to the highest visible part of the sprite in the image and the error on the sprite top real altitude. The assumed altitude agrees with triangulated sprite top altitudes of 88 ± 5 km in the central U.S. [Sentman et al., 1995] which exhibit little event and seasonal variations [Wescott et al., 2001] . For the halos, if the corresponding lightning was known, they were projected on a geographic map and their altitude was estimated when they were perfectly centered on the stroke, similarly to the triangulation work of Wescott et al. [2001] . The mean altitude of 83 km was then used to determine the location of the other halos, for which the corresponding lightning was not known. The accuracy of this method depends on the distance between the site and the TLE and the error in the altitude assumption. The estimated range of the observed events varied from ∼480 to ∼1100 km from the optical site. For an error of 5 km on the altitude assumption the error is of approximately ±5%, or a circle with ∼22.5 km radius, for a TLE located 450 km away from the observation site and approximately ±3%, or ∼33.0 km radius, for a TLE at a 1100 km range.
Lightning Location Data
[21] The CG geolocations were provided by the World Wide Lightning Location Network (WWLLN) [Rodger et al., 2005] . This global network has a variable detection efficiency that strongly depends on the CG peak current, the number of stations involved in the solution (minimum of 5), and their relative location with respect to each other and to the source. Rodger et al. [2005] performed a detailed analysis of WWLLN's global performance using 20 VLF receiving stations globally distributed. They estimated that the global lightning detection efficiency is ∼3%, increasing to ∼7% in South America. Furthermore, ∼75% of WWLLN detected lighting events have peak currents >50 kA. In assessing WWLLN's local performance in a study region of 400 km radius in the United States (centered on 29°N, 82°W), Jacobson et al. [2006] used 15 stations and data from the Los Alamos Sferic Array (LASA) for ground truth. They concluded that for strokes, the detection efficiency is ∼4% for peak currents >30 kA, and that WWLLN is accurate to 50 ms in time and 15-20 km in location. Both studies included the São Paulo, Brazil station, the only one operating in South America during the campaign. WWLLN does not provide polarity, so we determined the CGs polarity with data collected by Duke University's portable ELF/VLF (2 Hz to 25 kHz) system installed at the observation site [Li et al., 2008; Taylor et al., 2008] .
Meteorological Conditions

General South American Features
[22] The meteorological conditions associated with the South American Mesoscale Convective Complexes (MCCs), a particularly intense type of MCS, differs from that of North America. For example, Velasco and Fritsch [1987] found that MCSs are typically ∼60% larger and have longer durations than in the United States. These results have been confirmed by follow-on studies by Durkee and Mote [2010] and references therein. Even though TLEs have now been observed globally [e.g., Taylor et al., 2000; Neubert et al., 2001; Fukunishi et al., 2001; Su et al., 2002; Pasko et al., 2002; Pinto et al., 2004; Chen et al., 2008] , originating from different types and sizes of thunderstorms, these large mesoscale systems tend to provide the highest TLE occurrence rates, motivating the location of our campaign. Indeed, a study by Sato and Fukunishi [2003] that estimated the global probability of sprite location and occurrence rate (based on 1-100 Hz ELF measurements) suggested that southern South America is one of the most active regions of the globe. Chen et al. [2008] performed global observations of TLE using the Imager of Sprites and Upper Atmospheric Lightning (ISUAL) experiment onboard the FORMOSAT-2 satellite, covering 45°S to 25°N latitude during the northern summer and 25°S to 45°N latitude during the northern winter. Among other results, they reported the global TLE distribution and occurrence rate on the basis of ISUAL observations, however southern South America was not surveyed owing to the presence of the South Atlantic Magnetic Anomaly (SAMA), thus the actual TLE activity in the study region of this paper is still unknown.
[23] The middle and subtropical South American region, where the Pampas Plains (or Pampas), are located, presents potentially very favorable conditions for the development of deep convection and severe storms, which are defined as capable of producing hail (2 cm or more in diameter) when reaching the ground and/or wind gust of 26 m/s or more [Nascimento, 2005] . Using NCEP/NCAR reanalysis data [Kalnay et al., 1996] spanning the period 1997 to 1999, Brooks et al. [2003] performed a global climatology to identify regions where such severe storms are most likely to develop. They estimated that for the Americas, the central United States in North America (where most TLE-producing storms have been studied), and the Pampas in South America (where the thunderstorm in the present investigation developed), are the regions with highest probability of severe storms. For central Argentina, where the February MCS developed, >60 days per year had atmospheric conditions that favored the development of severe storms.
[24] Zipser et al. [2006] performed a 7-year sample global study, from 1998 to 2004, to map the locations of the most intense thunderstorms of the globe using TRMM data from the Precipitation Radar, Lightning Imaging Sensor, and Visible and Infrared Scanner. Intense storms were defined as having the highest height in the 40 dBZ level of the precipitating data, the lowest minimum polarization corrected temperature (at 37 and 85 GHz), and the highest lightning flash rate. They found that these three independent parameters seemed to be well correlated as they exhibited similar global spatial distributions. Since the extreme values of each of these parameters indicate intense vertical speeds for the convective updrafts, the maps obtained suggest the location distribution of the most intense thunderstorm in the globe. The Pampas region shows up also as the "hot spot" of South America in this study. The most extreme thunderstorm TRMM observed until 2004 had occurred over Argentina in December 1997; it had the lowest 37 GHz TMI temperature ever observed, reaching 69 K, the 40 dBz echoes reached 19.5 km altitude, and the VIRS image showed large areas with cloud tops at −80°C. Nesbitt et al. [2000] pointed out that the Pampas is, in fact, the region with the most intense MCCs in the world.
[25] An important meteorological feature of South America which was observed during the 22 February period is the South America Low Level Jet (SALLJ) [Marengo et al., 2002; Marengo and Nobre, 2009] . The SALLJ transports tropical moisture into the Pampas from the north. In this case, the wind speed typically reaches 12 m/s or more at 850 hPa, the shear between 850 hPa and 700 hPa is at least 6 m/s, and the meridional component is negative with absolute value larger than the zonal component. This jet, or flow, accounts for 45% of the total precipitation in this region of South America during austral summer and spring [Salio et al., 2007] . Also, the natural evaporation of the Paraguay, Paraná, and Uruguay rivers in this region, which form the La Plata Basin, and other synoptic factors, such as thermally induced local circulation [Salio et al., 2007] create highly favorable conditions for the formation of long lasting nocturnal Convective Systems (CSs). The coupling of SALLJ with a strong low-pressure area at low levels over Argentina, coming from the Pacific [Marengo et al., 2002; Marengo and Nobre, 2009; Silva Dias et al., 2009, and references therein] , or with the polar or subtropical jets at high levels [Nascimento, 2005] is also a well-known synoptic feature that transports moisture to the Pampas and favors the occurrence of MCCs and other types of severe storms in that region.
The February TLE-Producing MCS
[26] The thunderstorm responsible for producing the observed TLEs was a Mesoscale Convective System (MCS) that resulted from the merger of several small convective storms (first storms) that had developed earlier over central Argentina. They developed within ∼200 km radius of the city of Cordoba (31.32°S, 64.22°W), where the nearest balloon sounding station was located. The convective activity in this region was dynamically supported by upper-level divergence in the transition zone of an upper level tropical anticyclonic circulation known as the Bolivian High [Virji, 1981; Figueroa et al., 1995; Gandu and Dias, 1998 ] and a midlatitude cyclone vortex (Figure 3b ). This feature overcame the locally unfavorable preexisting thermodynamic conditions, shown at the 1200 UT skew-T diagram from Cordoba (Figure 4) . The Convective Available Potential Energy (CAPE) was very small, ∼57 and ∼87 J/kg, and there was strong Convection Inhibition (CIN), with values of −424 and −457 J/kg, despite a drier layer above a moist layer near the surface and the presence of thermal inversion. Two other sounding stations in the same general area in northeastern Argentina and southwestern Brazil presented similar conditions (not shown). Gust winds of ∼39 km/h were measured in Cordoba on the 22nd, and of ∼45 km/h and ∼50 km/h were measured in Cordoba and Resistencia (27.45°S, 59.05°W), respectively, on the 23rd associated with this thunderstorm. Precipitation was relatively low, ∼5 mm and ∼6 mm in Cordoba and Resistencia, respectively.
[27] Figure 3 shows NCEP analysis data for 22 February 2006 at 12 UT, 5.5 hours prior to convective activity initiation over central Argentina: Figure 3a shows specific humidity at 850 hPa and reduced pressure at sea level; Figure 3b shows wind direction and magnitude at 850 hPa, and Figure 3c shows wind direction and magnitude at 200 hPa. The convective activity initiated during the establishment of a cold front that reorganized the low-level flow at the prefrontal region redistributing moisture favoring convergence and upward motions in that area. The genesis of this front was associated with a northeastward displacement of an upper air cold vortex, or closed low, coming across the Andes from the Pacific Ocean and into the central region of Argentina (Figure 3b ). When this low-pressure system reached central Argentina, a strong low-level warm moist air flow from the Amazon and central Brazil was observed, advecting moisture to higher latitudes feeding the prefrontal region (Figure 3a) , where the first convective storms that would merge to form the MCS developed. As mentioned before the presence of the Bolivia High, which is normally accompanied by a thermal low pressure at the surface and low levels (Chaco Low), helped in organizing low-level convergence, upward vertical motions, divergence aloft and convective activity (Figure 3c ).
[28] At 1200 UT on 22 February 2006 the SALLJ was well characterized over central Argentina (Figure 3b ). Similarly to what was reported by Marengo et al. [2002] and Marengo and Nobre [2009] , the SALLJ was present over Brazil on the two previous days, 20 and 21 February 2006, with its maximum intensity at 0600 UT and 1200 UT, respectively. On each of the three days when the jet was present, low-level moisture was advected from the Amazon basin, such that at 1200 UT a specific humidity of 11g/kg was available for thunderstorm initiation (Figure 3a) . In a study of 10 MCSs in the same general region between 2005 and 2006, Anabor et al. [2008] found the same values of specific humidity. They also observed the presence of the Chaco Low centered at 30°S, contributing to the organization of the Amazonic flow into this region.
Comparison of TLE Observations With MCS Convective Characteristics
[29] Figure 5 (see Movie S1) shows the temporal and spatial development of the TLE-producing system, in which the first image is its maximum extent.
1 The storms that evolved to form the TLE-producing MCS were first detected at 1730 UT 22 February 2006, started to be tracked at 1900 UT ( Figure 5b ) and began to merge 2 h later (Figure 5c ). We adapted the Maddox [1980] and São Sabbas and Sentman [2003] definition of a MCS as a system with contiguous cloud cover with T c < −34°C, a minimum area of 100,000 km 2 , and inner clouds indicative of convection with T c < −54°C with minimum area of 50,000 km 2 . Applying these criteria, the TLE convective system that initiated at 1900 UT became a MCS only 9.5-11.5 hours later, between 0430 UT and 0600 UT of the next day (Figure 5d) , when there was a data gap.
[30] Owing to several gaps in the GOES data, we could not determine precisely when the system became a MCS or the total duration of the storm; however, we tracked it until 1500 UT, 23 February 2006 (not shown) and estimated that it had a minimum lifetime of 20 hours, 8.5 of those hours as an MCS. At 0730 UT, the storm reached its maximum extent of ∼430,000 km 2 (Figure 5a ). The MCS never became organized enough or round enough (eccentricity >0.7 at maximum extent) to be considered an MCC in accord with the data of Maddox [1980] . The overall cloud shield, with T c < −34°C, often had "holes", i.e., areas with T c > −34°C and, during the decay phase, entered an oscillation mode with ∼1 hour periodicity of connecting and disconnecting its southern portion to an extensive mesoscale cloud system with insignificant convective regions. Owing to this oscillation, to calculate a realistic area for its cloud shield, we artificially determined the MCS southern border when it was connected to the second system. The cut was performed in places where they naturally disconnected on follow-up images.
[31] This convective system had a multicellular structure presenting several convective regions, defined as areas with T c < −54°C, that remained relatively isolated from each other. To track them and to determine their convective cores on the GOES IR imagery, we applied the methodology developed by São Sabbas et al. [2009] to identify and estimate the dimensions, duration, intensity, and tropopause overshoot of convective cores capable of exciting gravity waves on the basis of satellite IR imagery. For the Argentine MCS, we calculated the average temperature T av of the convective regions and calculated the difference between the temperature of the pixels that composed the regions and their average value, DT = T pixel − T av . The center of the convective cores was chosen to be the pixels with lowest temperature (T core ), and their size was determined to include the surrounding pixels with DT < T core /2.
[32] Using this technique, 19 convective regions were identified and tracked within the TLE-producing thunderstorm. Their estimated parameters, initiation time, lifetime duration, time of maximum extent, maximim extent, diameter at maximum extent, minimum temperature a convective core reaches throughout the lifetime of the region, average temperature of the convective core at that time, area of the convective core and time when the minimum temperature is reached, are presented on the columns 2 to 10 of Table 1 , respectively. These were the largest convective regions of the system; their areas were between ∼77 km 2 and ∼57,773 km 2 during maximum extent, and they lasted ∼30 min to ∼8.5 hours, respectively. The duration of the largest region was a lower estimate due to the 1.5 hours gap in the data on 23 February 2006, from 0430 UT to 0600 UT. Assuming that the regions were circular, their effective diameters were then ∼10 km and ∼271 km, respectively. The minimum temperature that the convective cores reached during their peak activity varied between −60°C and −74°C, with a corresponding altitude of ∼14.0 km and 16.7 km, estimated by making a simple comparison between T core and the balloon soundings from Cordoba on 22 February 2006 at 1200 UT [São Sabbas et al., 2009] . None of the convective cores reached the tropopause, whose temperature was estimated at −75°C, corresponding to an altitude of ∼17.1 km, also based on Cordoba soundings ( Figure 6 ). Therefore, the convection within this system was not as deep as usually observed in Figure 6 . Atmospheric temperature profile of locations near the thunderstorm path for the U.S. TLE producing MCS studied by São Sabbas and , dashed line, and Argentine TLE producing storm of this study, solid line.
other TLE-producing MCS whose convective cores generally reach and often overshoot the tropopause.
[33] The TRMM satellite had six orbits passing over Argentina between 15 UT of 22 February 2006 and 18 UT of the following day. However only three of the passes, the 17 UT and 19 UT on the 22nd, and the 13 UT on the 23rd, had the TLE-producing storm in the field of view. Unfortunately, the first two passes were during the early development stage of the first convective storms, and the last one was during the MCS decay phase, during daytime, after TLE observation had ended. There was no TRMM data during the prime thunderstorm time and TLE production. LIS recorded the lighting discharges of the 19 UT and 13 UT passes, registering ∼4 min of activity; however, on the 19 UT pass, none of the flashes recorded belonged to the studied thunderstorm. On the 13 UT, LIS registered 133 flashes during the 4 min period, detecting a ∼33 min −1 lightning rate in the TLEproducing system decay phase.
[34] The VIRS and TMI recorded data corresponding to the studied storm in all three orbits (17 UT, 19 UT, and 13 UT), but the PR only scanned the storm on the 13 UT orbit. The PR and VIRS data for the 13 UT 23 February 2006 pass are shown on Figure 7 . Figure 7a is a horizontal cross section at 3.5 km of the PR reflectivity echoes superimposed on the VIRS image. Figure 7b exhibits a vertical cross section of the PR data along the black line on the PR horizontal cross section on the top. The decaying TLE-producing MCS is indicated by the black ellipsis on the PR-VIS composite (Figure 7a) . The vertical cross section shows that the cloud tops of the scanned region, defined as the 20 dBz echoes [Zipser et al., 2006] , were at ∼5.5 km altitude and no 40 dBZ echo was present, showing low convective activity and a more stratiform structure, agreeing with the average −40°C cloud cover shown on the 1330 UT color-coded GOES IR temperatures (Figure 5e ). Figure 8 shows the 85.5 GHz TMI brightness temperature image of the 18 UT 22 February 2006 pass zoomed onto the first storm that grew into the TLE-producing MCS merging with others. Figure 8 demonstrates that the convective core reached the minimum brightness temperature of 84 K, indicating a significant concentration of precipitating ice in its small convective core [Zipser et al., 2006] , which is important for cloud electrification processes [Takahashi, 1978; Ushio et al., 2001; Wang and Liao, 2006; Zipser and Lutz, 1994] . The 84 K is within the lowest values reported on Zipser et al. [2006] severe storm global distribution.
[35] The lifetime of the studied thunderstorm can be subdivided in two parts: before and after it developed a convective region that was large enough to give it MCS status, shown in the 0630 UT image (Figure 5d , first one after the gap). Before 0630 UT, all convective regions had convective cores with minimum temperature between −59°C and −65°C and corresponding average DTs of ∼−3°C and −7°C, respectively. The exceptions were Regions 10 and 13 with convective cores that reached −72°C but had a DT of ∼−12°C and −13°C, respectively. The deviation from the average temperatures shows how significant the minimum temperature was, e.g., if T core is low and |DT| is small, it indicates that the whole convective core reached a high altitude and convection was vigorous inside it. However, since |DT| was large for the lowest T core , just a small area within the core had strong updrafts. In the pre-MCS phase, the convective cores, and therefore the convective regions, had only moderate convective activity. After 0630 UT, only 3 independent convective regions developed, and the largest one, Region 17, reached an area of 57,773 km 2 . The minimum T core values at this phase were between −59°C and −74°C, with DT of ∼−3°C and −16°C, respectively; however, in this case, region 17 had larger areas with temperatures below −58°C, which were lower than before and indicative of more vigorous convection than before.
[36] Another interesting feature of this TLE-producing thunderstorm is that the convective regions did not merge and remained relatively isolated from each other during their life cycle, developing their own stratiform clouds following the direction of the subtropical jet at high levels. It was within this environment and above these "individual stratiform regions" and the general cloud cover (−54°C < Tc < −34°C) that TLEs were first observed at ∼0230 UT on 23 February 2006 and throughout the rest of the night. Since region 17 presented deeper convection and was large, dominating after 0630 UT, the TLEs occurred above areas with lower temperatures at this development phase (MCS) of the system as shown in the spectrograms on Figure 9 . Since the system did not have a well-defined stratiform region either at the front, back, or parallel to the convective regions [Parker and Johnson, 2000; Houze, 2004] , and TLEs occurred above these individual stratiform areas, the system did not present a preferential TLE-producing region relative to the movement of the storm (northeastward at ∼60 km/h) and could not be classified as a back trailing, front leading, or parallel stratiform MCS. By contrast, in the United States and in Europe, sprites have been observed to mainly occur above the back trailing stratiform region of the MCS [Lyons, 1996; Lyons et al., 2006; Soula et al., 2009] .
[37] Figure 9 shows the time-temperature spectrograms with the temporal evolution of the occurrence rates for sprites, halos, and WWLLN CGs associated with different cloud top temperatures. Sprites were associated with cloud top regions with an average T c of approximately −45°C in the beginning of the observations and −53°C at the end of the night, corresponding to altitudes of ∼11.7 km and ∼13.2 km, respectively. Halos, on the other hand, occurred above regions with T c of approximately −54°C throughout the observation period. The CGs were associated with cloud top temperatures of −20°C (∼7.5 km) at the beginning of the Argentine storm observations. Their occurrence rates grew with decreasing temperatures until a maximum activity was reached in regions with T c −50°C (13.3 km). After ∼2 hr, the CG rate decreased in association with higher T c as the thunderstorm dissipated (Figure 9c ). The sprite and CG behaviors reflect the development of the thunderstorm itself. From the superposition of CG and TLE geolocations on the satellite IR images (Figure 5 ), we observed that the CGs detected by WWLLN were distributed over the general cloud cover and around the convective cores, and sprites were over the surrounding stratiform areas and general cloud cover. As the storm developed, the convective cores became colder as well as the stratiform regions.
[38] To determine the impact of the TLE location error on the cloud top temperature analysis described above (estimated to approximately ±22.5-33.0 km and represented by small circles on Figure 5 , we calculated the average temper-ature of a 66 km diameter circle centered on all the sprites and sprite-halos for which there were IR images available (218 events) and the temperature deviation (DT) of the pixel corresponding to the estimated sprite location. Excluding three outliers whose circles included areas over land, because there were in the border of the clouds, the average absolute DT was 1.4 ± 1.3°C, indicating that the location error did not produce a significant impact on the cloud top temperature analysis.
[39] Figure 10 shows the temporal evolution of sprite and TLE occurrence rate and WWLLN stroke rate in 30 min intervals on the first and second rows, respectively. The temporal evolution of the main convective region (region 17), and the general cloud shield are on the third and fourth rows, respectively. A total of 47 TLEs, ∼11%, were associated with WWLLN detected CGs. Duke's ELF/VLF portable system determined that ∼40% of all CGs detected by WWLLN on 23 February 2006 were negative and ∼27% were positive CGs; the polarity of the other ∼33% CGs could not be established. The maximum in the sprite and TLE rates corresponded to the maximum in the total number of WWLLN detected CGs. Assuming that −CGs were indeed the dominant polarity, as in the majority of thunderstorms, and since most of the CGs detected were related to the convective regions, this coincidence reflects the development of the thunderstorm convective activity.
Discussion: Possible Effect of Smoke From Forest Fires in Paraguay and Northern Argentina on MCS Electrification
[40] As described above, a comparison between the Argentine TLE-producing storm analyzed here and the U.S. systems studied by São Sabbas and and Lyons et al. [2006] showed that the cloud top temperatures were in general ∼10-20°C warmer for the Argentine storm (this study) than what was reported in the U.S. cases and that convection was not as deep in the Argentine storm as in the U.S. ones. On the other hand, the dominant synoptic characteristics are very similar in the two regions. According with Nascimento [2005] , a common feature of both American regions is the presence of low-level jets, SALLJ in South America and Great Plains low-level jet (GPLLJ) in North America. They transport low-level moisture from tropical and equatorial regions into the central U.S. and the Pampas, westerly bounded by the Rocky and Andes mountain chains, respectively, and may also get dynamically coupled to upperlevel jets, the polar jet in the Northern Hemisphere and the subtropical jet in the Southern Hemisphere, both mechanisms contributing to deep convection and severe storms in these regions (Figure 11 ). [41] The main synoptic difference between South and North American TLE-producing MCSs is that in South America it is common for them to develop in the prefrontal region of cold fronts. This was the case of the Argentine storm that moved northeastward with a speed of ∼60 km/h due to the northeastward motion of the cold front driving it. The frontal system was the forcing that was needed for convection to be initiated in that region, breaking the strong convection inhibition and overcoming the unfavorable thermodynamic conditions. The SALLJ provided the necessary "fuel," warm moist air, for the system to develop, and the Chaco Low combined with an upper tropospheric closed low over Argentina organized the flow/jet toward the Pampas. Strong advection of cold polar air into the region marked the end of its life cycle.
[42] Although the dynamics partly explain how this particularly prolific sprite-producing Argentine thunderstorm was formed, the fact that convection was not as deep as its North American counterparts prompted us to investigate other factors that may have influenced the system. Experimental evidence from TLE observations supports conventional breakdown as the dominant mechanism leading to sprite generation. The most well-accepted models involve the transport of large amounts of positive charges to the ground by cloud-to-ground lightning discharges generating quasielectrostatic fields that break down the air at mesospheric altitudes and produce enough ionization for the sprite streamers to develop [Pasko et al., 1997; São Sabbas, 2003] . The parameter related to the charge transferred to the ground to create sprites is the charge moment change, which is estimated from VLF/ELF measurements. Charge moment change thresholds for sprite production have been broadly studied; for example, Huang et al. [1999] , found a minimum total charge moment change of 300 Ckm. Hu et al. [2002] showed that lightning charge moment change <600 Ckm in 6 ms generates sprites with a probability of 10%. Later, Cummer and Lyons [2005] estimated charge moment change thresholds of 350 and 600 Ckm for two observation nights.
[43] Assuming that the lowest threshold of 350 Ckm was applicable for the Argentine thunderstorm and that the charges came from a 10 km altitude charge layer [Pasko et al., 1997] , we can estimate that a lower charge threshold to generate a single sprite was 35 C, therefore the minimum amount of charge produced inside the clouds to generate all 383 observed sprites during the ∼6.2 hours, not including the halos, was 13,405 C. Adopting a more realistic altitude of 5 km [Marshall et al., 2001] for the positive charge layers of this thunderstorm, given that the cloud tops where the sprite parent CGs occurred were at ∼11.7-13.2 km, the lower estimate of the total charge necessary to generate the observed sprites doubles to 26,810 C, or approximately 4,300 C per hour. The average TLE-producing thunderstorm, with 70 sprites, would need to have only 4,900 C, or ∼2,100 C/h. Hence, large amounts of positive charges needed to be produced inside the Argentine thunderstorm during its lifetime for this system to generate +CGs strong enough to create breakdown in the upper atmosphere above the thunderstorm more than 300 times.
[44] The observed prolific TLE production demands an efficient electrification mechanism that would produce substantial positive charge. However, the fact that this storm did not exhibit particularly deep convection, since the cloud tops of the most active convective regions did not reach the tropopause, distinguishes this Argentine thunderstorm from those of previous studies. The cloud top temperatures and consequent altitude that the thundercloud tops reach convey important information about the convective structure of the thunderstorms, and are related to electrification processes. Ushio et al. [2001] found a relationship between lightning activity and storm height, due to the strong updrafts that drive the altitude of the cloud tops and are a key factor in producing strong electrification [Wang and Liao, 2006] . Strong updrafts are the agent that supports the large ice particles and supercooled water droplets that undergo the noninductive collisions necessary to generate charges inside the clouds, according to current theories of cloud electrification [Zipser and Lutz, 1994] .
[45] One possible explanation may be related to a large aerosol concentration in the air masses from which the convective systems originated due to smoke from forest fires. Lyons et al. [1998] related the exceptional increase of sprite production by thunderstorms over the central United States during the northern hemisphere summer months of AprilJune 1998 due to ingestion of smoke from forest fires that were widespread in Mexico during the summer due to El Niño-related droughts. In the most interesting case cited, the percentage of +CGs increased up to 59% and 77% for convective storms within a frontal system that formed in the western edge of an air mass with >150 mg/m 3 concentration of aerosol particles with dimensions <10 mm (PM 10 ). The effect of the aerosol particles in the +CG activity was consistent throughout the studied period: the number of flashes observed was similar to the previous 2 years with a 48% increase of +CG occurrence and a 12% increase in the average peak current. The consequence was an increase in the sprite production, with 380 sprites observed above the most prolific thunderstorm documented by the authors until 1998.
[46] February is an austral summer month and as such is part of the wet season, so forest fires are not expected to be significant at this time of the year in South America. However, fire count data from the AVHRR/NOAA12 satellite (http://sigma.cptec.inpe.br/queimadas) showed ∼200 fires burning savannah and pasture areas between the 20 and 22 February 2006 to the north of the MCS region. Figure 12 shows the emission source estimate of biomass burning aerosol with diameter <2.5 mm (PM 2.5 ) in the period 20-22 February 2006. The main sources of PM 2.5 changing the atmospheric composition on the convective area were vegetation fires that took place over Paraguay and Argentina shown in Figure 12 as localized and intense emissions. The emission region is north of and relatively close to the convective initiation area such that the aerosols produced could be transported southward to the convective initiation region by the SALLJ (Figure 3b ). Using the Coupled Aerosol-Tracer Transport model from the Brazilian developments on Regional Atmospheric Modeling System (CATT-BRAMS) [Freitas et al., 2005 [Freitas et al., , 2009 Longo et al., 2010] , we were able to estimate the aerosol mass concentration (PM 2.5 ) in the atmosphere taking into account the wind transport. CATT-BRAMS is an online transport model fully consistent with the simulated atmospheric dynamics of the BRAMS regional numerical model. Emission sources from biomass burning and urban industrial vehicular activities for trace gases and from biomass burning aerosol particles are obtained from several published data sets and remote sensing information. The tracer and aerosol mass concentration prognostics include the effects of subgrid scale turbulence in the planetary boundary layer, convective transport by shallow and deep moist convection, wet and dry deposition, and plume rise associated with vegetation fire atmospheric dynamics of the BRAMS regional numerical model.
[47] Figure 13a shows the column integrated PM 2.5 concentration on 20 February 2006 at 2100 UTC, 20 hours prior to the first convective storm development. Figure 13b shows the evolution of the concentration on 21 February 2006 at 2100 UTC with southern transport of the aerosols and increase in the concentration due to the new fires and continued activity of the previous sources. Figure 13c shows the air masses' aerosol concentrations on 22 February 2006 at 1800 UTC, 1 hour prior to the development of the first storms. The PM 2.5 aerosols column integrated concentration reached 10,000 mg/m 2 in the region where the convective activity initiated and 5,000 mg/m 2 in the surrounding areas. Figure 13d , obtained on 23 February 2006 at 2100 UTC, shows the cleaner atmosphere after the thunderstorm has dissipated. The model simulation is corroborated by the MODIS (Moderate Resolution Imaging Spectroradiometer) retrieval of the aerosol optical depth (AOD) at 550 nm from the Aqua satellite [Remer et al., 2006] . For the time period above, the mean AOD at this channel over the convective area was ∼0.4 (Figure 14) .
[48] Lyons et al. [1998] and Fernandes et al. [2006] suggested that aerosols may affect lightning production in different ways. The three main responses are (1) the dramatic reduction of lightning activity near to cessation, (2) the increase of the total lightning rate independent of polarity, and (3) and the increase of discharges with positive polarity. Fernandes et al. [2006] also found an increase in the percentage of +CGs and in their peak current in thunderstorms over the Amazon Basin within 8-14°S and 59-66°W in South America associated with large column integrated concentrations of PM 2.5 aerosols estimated using the CATT/BRAMS model [Freitas et al., 2009] .
[49] Given the 10,000 mg/m 2 PM 2.5 concentration estimated in the region where the TLE-producing MCS developed, we suggest that the presence of smoke from forest fires with large aerosol concentrations may have affected thunderstorm electrification to enhance the +CG production, similar to what was reported by Lyons et al. [1998] and Fernandes et al. [2006] . The smoke might have been a source of ice nuclei, influencing the production of ice particles that get positively charged, since the TMI/TRMM measured a low minimum brightness temperature of 84 K for the small convective core of one of the convective systems that evolved into the TLE-producing MCS. In accord with Zipser et al. [2006] , low TMI/TRMM brightness temperatures indicate high concentrations of precipitating ice. The 84 K is within the lowest values reported by Zipser et al. [2006] in their severe storm global distribution, so at the early stages of its development the TLE-producing thunderstorm may already have had a high density of ice particles, which are important for cloud electrification processes [Ushio et al., 2001; Wang and Liao, 2006; Zipser and Lutz, 1994] . Petters et al. [2009] generated smoke in a Colorado State University continuous flow diffusion chamber through controlled burns of 21 biomass fuels from the United States and Asia and tested the ability of smoke particles to nucleate ice as condensation/ immersion freezing nuclei at 30°C. They found that smoke from 9 of the 21 fuels acted as ice nuclei at fractions of 1:10,000 to 1:100 particles in at least one burn of each fuel. Statistically, fuels associated with low organic carbon fraction, high water-soluble ion content, and a more flaming fire phase appeared to be more efficient ice nuclei. Using a bottom-up emission model, Petters et al. [2009] estimated that smoke that emits ice nuclei fractions exceeding 1:10,000 particles can perturb ice nuclei concentrations on a regional scale.
[50] Biomass burning emissions (gases and aerosols) may have an impact on several scales with the long-range transport by synoptical systems [Freitas et al., 2005] changing the chemistry composition of the atmosphere over areas much larger than the region where the fires took place [e.g., Prins et al., 1998 ]. Besides the contribution of greenhouse gases to global warming, smoke aerosols have an impact on the radiative budget and cloud microphysics [Kaufman, 1995; Rosenfeld, 1999; Andreae et al., 2004; Koren et al., 2004] affecting the hydrologic cycle and boundary layer properties . In addition, smoke aerosols as well as ozone formation by biomass burning emission precursors are observed to frequently make the air quality of the neighbor areas even worse than for the South American megacities [Ignotti et al., 2010] .
Conclusions
[51] The conclusions of this work may be summarized as follows:
[52] 1. A detailed analysis was performed of the relationship between TLE locations and the convective characteristics of the underlying MCS for an unusually prolific sprite-producing mesoscale convective system over northern Argentina. Observations made from Brazil on 22-23 February 2006 over a ∼6.2 hours interval recorded a total of 444 TLEs, of which 383 were sprites.
[53] 2. The TLE-producing thunderstorm became a MCS between 9.5 and 11.5 hours after the first convective storms from which it originated had developed. The system had a minimum lifetime of 20 hours, 8.5 of those hours as an MCS, and its maximum extent was ∼430,000 km 2 . This MCS had a multicellular structure with 19 convective regions identified and tracked. Their estimated areas ranged between ∼77 km 2 and ∼57,773 km 2 during maximum extent, and their durations ranged from ∼30 min to ∼8.5 hours, respectively. Gust winds of ∼39-50 km/h were associated with this thunderstorm.
[54] 3. TLEs occurred above the "individual stratiform regions" formed around these convective areas, associated with cloud top temperatures varying from −45°C to −53°C (corresponding altitudes 11.7-13.2 km, respectively) from the beginning to the end of the night. Similarly, WWLLN detected CGs were associated with cloud top regions varying from −20°C to −50°C (7.5-13.3 km, respectively). These cloud top temperatures associated with TLEs were significantly warmer by ∼10-20°C than those reported for similarly large TLE-producing system in the United States.
[55] 4. The minimum temperature that the convective cores reached varied between −60°C and −74°C, with corresponding altitudes of ∼14.0 km and ∼16.7 km, respectively. None of them reached the tropopause, at ∼17.1 km; hence, the MCS convective activity was not as deep as usually observed in other TLE-producing MCS whose convective cores generally reach and often overshoot the tropopause. The overall cloud top temperatures of these thunderstorms was ∼10-20°C warmer than central United States TLE-producing MCSs and other TLE-producing thunderstorms in South America.
[56] 5. A lower hourly charge transfer rate threshold of ∼4,300 C/h to originate the observed 383 total sprite production was estimated on the basis of a lower charge moment change threshold of 350 Ckm, reported in the literature, and a 5 km altitude charge removal altitude estimated for the Argentine storm. This rate is twice the rate estimated for an average TLE-producing MCS, reported in the literature to produce 70 sprites.
[57] 6. TMI/TRMM data for the early development stage of one of the convective systems that evolved into the TLEproducing MCS showed a low brightness temperature of 84 K for its small convective core, indicative of significant ice content, which is important for cloud electrification processes.
[58] 7. It is suggested that the unusually high incidence of TLEs in what was otherwise only a moderately convective MCS may be related to the influence on the electrification process of smoke from forest fires in Paraguay and northern Argentina, similarly to what has been previously proposed in the literature. It is also suggested that the smoke from biomass burning may have been a source of ice nuclei affecting the production of ice particles that get positively charged, accounting for the charge transfer rate necessary to originate the observed TLE production.
[59] Finally, the differences and similarities between this prolific TLE-producing system in Argentina and other TLE-producing systems over the United States discussed in this work help to identify the key convective characteristics for TLE-producing thunderstorms. In particular, it may be useful for forecasting TLE occurrences anywhere around the globe solely on the basis of space-based platform data sets.
